Abstract Spinal cord injury (SCI) is generally divided into primary and secondary injuries, and apoptosis is an important event of the secondary injury. As an endogenous bile acid and recognized endoplasmic reticulum (ER) stress inhibitor, tauroursodeoxycholic acid (TUDCA) administration has been reported to have a potentially therapeutic effect on neurodegenerative diseases, but its real mechanism is still unclear. In this study, we evaluated whether TUDCA could alleviate traumatic damage of the spinal cord and improve locomotion function in a mouse model of SCI. Traumatic SCI mice were intraperitoneally injected with TUDCA, and the effects were evaluated based on motor function assessment, histopathology, apoptosis detection, qRT-PCR, and western blot at different time periods. TUDCA administration can improve motor function and reduce secondary injury and lesion area after SCI. Furthermore, the apoptotic ratios were significantly reduced; Grp78, Erdj4, and CHOP were attenuated by the treatment. Unexpectedly, the levels of CIBZ, a novel therapeutic target for SCI, were specifically up-regulated. Taken together, it is suggested that TUDCA effectively suppressed ER stress through targeted upregulation of CIBZ. This study also provides a new strategy for relieving secondary damage by inhibiting apoptosis in the early treatment of spinal cord injury.
Introduction
Spinal cord injury (SCI) is one of the central nervous system (CNS) diseases with a high disablement rate, and which still lacks effective clinical treatment (Crowe et al. 1997; McDonald and Sadowsky 2002) . SCI results in many complications, such as pressure sores, chronic limb pain, urinary and respiratory system infections, and a decline in muscle function (Furlan and Fehlings 2008) , despite efforts to relieve its complications. SCI comprises primary and secondary injury; the pathological and physiological reactions induce nerve cell damage, eventually causing tissue and organ dysfunction in the secondary injury (Lu et al. 2000; Noreau et al. 2000) . Apoptosis dominates the secondary injury, but the real mechanisms are extremely complicated; various stimulus signal pathways are involved in apoptosis in SCI (Ahn et al. 2006) . At this time, the physiological and pathological processes are still unclear.
Endoplasmic reticulum (ER) stress plays an important protective role in keeping physiological balance and homeostasis, when cells are exposed to various cellular stresses including infection, trauma, and oxidative damage (Boyce and Yuan 2006) . However, persistent or excessive ER stress will induce cell death via activations of mitochondrial apoptotic and other cell death pathways (Xu et al. 2005) . In many diseases, like cardiovascular, endocrine, metabolic, and nervous system Zongmeng Zhang, Jie Chen, and Fanghui Chen are co-first authors.
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Oligodendrocytes are the most sensitive and are a key cytotoxic target of the ERSR in response to SCI (Ohri et al. 2011; Penas et al. 2007 ). CIBZ, a BTB domain-containing protein, participates in the negative regulation of apoptosis in murine cells (Oikawa et al. 2008) . We have reported that CIBZ is a novel target of spinal cord injury, because its expression is significantly reduced in the early stage of SCI, and it induces apoptosis via the p53-independent caspase-3 pathway (Cai et al. 2012) . Additionally, we have further demonstrated that knockdown of CIBZ results in the elevation of ER stress; interestingly, CIBZ overexpression can inhibit ER stressassociated apoptosis and improve spinal cord function (Cai et al. 2017) . Therefore, our previous study provides a promising therapeutic way to solve this problem. TUDCA is the conjugate form of ursodeoxycholic acid (UDCA), widely present in animal bile, and at low levels in humans. It is usually used for the treatment of liver diseases (Podda et al. 1995) . Recent studies have found that TUDCA acts as a potent inhibitor on apoptosis, decreasing apoptosis in cardiovascular and neurodegenerative diseases and in retinal degenerative disorders and stroke (Keene et al. 2002; Ramalho et al. 2008; Rodrigues et al. 2003) . TUDCA can inhibit apoptosis, negatively modulate the mitochondrial pathway, interfere with the death receptor pathway, block caspase-3 activation, and suppress ER stress through inhibiting calpain and caspase-12 activation (Vang et al. 2014) . TUDCA also modulates Aβ-induced apoptosis through an E2F-1/p53/Bax pathway by interfering with crucial events of the mitochondrial pathway (Ramalho et al. 2004 ). However, little is known about whether and how the inhibition of ER stress can effectively reduce traumatic spinal cord injury.
In this study, we successfully built a mouse model of traumatic SCI and confirmed the therapeutic effect of TUDCA on motor functional recovery. Our results indicate that TUDCA effectively decreases the secondary lesion and preserves spinal cord functions. Finally, TUDCA protects nerve cells from ER stress-associated apoptosis by elevating levels of CIBZ. Therefore, our study provides a new strategy for the treatment of SCI patients.
Materials and methods

Animal preparation and group
Eight-week-old KM male mice weighing 30-35 g were purchased from the Qinglongshan Animal Farm (Nanjing, China). The mice were raised separately in clean animal cages on an unrestricted diet at a room temperature of 22-25°C with 12-12-h light-dark cycles. All animal experiments complied with the ARRIVE guidelines and were carried out according to the National Institutes of Health guide for the care and use of laboratory animals. All animal experiments were approved by the Anhui Normal University Academic Ethics Committee. Mice were randomly divided into four groups, including a sham group, a sham/TUDCA group, an SCI group, and an SCI/TUDCA group. Sham and sham/TUDCA group mice were treated with normal saline (NS). The dose of TUDCA (100 mg/kg, ip; Aladdin, Shanghai, China) has been reported to offer the maximum cytoprotection (Rodrigues et al. 2003) . This study, to determine the optimal therapeutic concentration of TUDCA in a mouse model of SCI, was carried out using a range of dosages of TUDCA (50, 100, 150, and 200 mg/kg of bw). Mice were immediately injected once with TUDCA post SCI at the same time each day.
Experimental design
The motor function score tests were performed and recorded for 1-13 days post injury. We collected spinal segments Th7-Th9 respectively, and observed traumatic changes of spinal cord at 1, 3, and 7 days under a digital microscope (KEYENCE, VHX-5000), and then tissues of spinal cord were picked up and embedded with paraffin for histology staining. Additionally, the tissue samples were used to extract the RNA and protein for qPCR and western blot analysis after SCI (Fig. 1a) .
Mouse model of SCI
Spinal cord injury was performed as described previously (Cai et al. 2011; Cai et al. 2012) . We used sterilized instruments, and all the surgical operations were completed in clean conditions. First, mice were anesthetized with chloral hydrate (4 mg/kg, ip). Then, all groups were treated with surgery to expose Th7-Th9 to the spinal cord, but the SCI and SCI/ TUDCA groups were subjected to compression of the spinal cord with a 30-g weight drop. In the compressed injury mice, the tail cocked up and the lower limbs experienced spasticity at the moment of injury; subsequently, mice suffered paralysis of the lower limbs after continuous compression for 3 min. Finally, we used an alcohol sponge to stanch the bleeding and clean the wound, which was stitched immediately. All groups were raised in clean cages. To prevent from urinary retention, we squeezed the animals' bladders two or three times a day to assist urination, until the mice regained the automatic micturition reflex.
Behavioral analysis
The Basso mouse scale (BMS) was used for the comprehensive rate of motor function after SCI as previously described. Hind limb function could be evaluated according to the BMS motor function rating gauge. The scale ranges from 0 (complete paralysis) to 9 (normal movement of the hind limbs). For the BMS score, the mice were placed in an open field (50 × 50 × 30 cm) divided into 25 sections (10 × 10 cm each). The mice were allowed to walk about in the open field for several days before SCI surgery to acclimatize themselves to the apparatus. The open field test was recorded throughout by video camera, and was assessed by repeated observation (Basso et al. 2006 ). The mice were observed for 4 min by three independent observers who were unaware of the groupings and who all received the same score training. Scores were obtained for each hind limb and averaged for the three observers on each day. The strength of hind limb recovery was evaluated with inclined plane angles. The inclined plane test was placed on a rubber plate, and then gradually raised on one side of the plane, and the maximum angle at which mice could remain stable for at least 5 s was noted (Wells et al. 2003) .
Each mouse was assessed three times, and the average was taken. The mean of all mice in each group was the final result. We followed a previously mentioned procedure to analyze the data.
Tissue preparation and histology staining
Mice were anesthetized, and exposed to heart perfusion after the chest was opened. Spinal cord (Th7-Th9) tissues at the injury site were harvested, fixed in PFA overnight, and embedded in paraffin wax. Tissues were transversely and longitudinally sectioned at 7-μm thickness. HE staining followed a standard procedure, and these slides were stained with hematoxylin for 3 min, differentiated into 1% hydrochloric acid alcohol for a few seconds, rinsed with running water for 5 min, and then stained with Eosin Y for 3 min. Finally, the slides were mounted in neutral balsam, and the images were observed and captured with a microscope (Olympus, BX61).
The area of lesion was measured with Photoshop software according to images from longitudinal sections of each spinal cord. The five digital HE images of longitudinal sections were captured with the microscope, the contours of lesion area were selected with Photoshop, and the corresponding pixel values were obtained. Then the corresponding pixel value per unit area was calculated according to the scale of the image, and finally the lesion area was calculated.
Tissue paraffin sections were deparaffinized according to standard procedures. Antigen retrieval was performed in citrate buffer with 750-W microwave irradiation for 1 min, and sections were blocked with Tris-HCl (0.1 M, pH 7.5) containing 3% BSA and 20% normal bovine serum for 30 min at 37°C. After washing with PBS, sections were incubated with 50 μl TUNEL reaction mixture (In Situ Cell Death Detection Kit, Roche, Indianapolis, IN, USA) for 1 h at 37°C in a humidified atmosphere in the dark. Finally, the slides were mounted with the DAPI mounting medium (Solarbio, Beijing, China) to mount slides. Slides were observed with the fluorescence microscope (Olympus, BX61), and positive cells were counted from digitally captured images.
Quantitative real-time PCR
Total RNA was extracted from injured spinal cord tissues by using TRIzol reagent (Invitrogen, Carlsbad, CA, USA); isolated RNA was reversely transcribed based on the FastQuant RT Kit (Tiangen, Beijing, China). Amplification and real-time detection were performed on an IQ5 instrument (Bio-Rad, Hercules, CA, USA) by using the SuperReal PreMix Plus (Tiangen). The improved four-step reaction was used: 95°C 15 min; 95°C 10s, 60°C 32 s, 72°C 32 s, 85°C 6 s, for 40 cycles; the melting curve analysis ranging from 60 to 95°C, gradually increasing at a speed of 0.5°C every 10 s. Relative quantitative analysis of the final results was normalized to GAPDH by using the 2 −ΔΔCt method. The primers for SCI mouse were as follows:
Western blot
The spinal cord tissues were homogenized and lysed in RIPA buffer (Boster, Wuhan, China) with protease inhibitors, and the protein concentration was measured with a bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA). The proteins were denatured and diluted to 1 μg/μl. Then equal amounts of the proteins were separated by SDS-PAGE, and transferred on Immobilon-P Transfer Membrane (Merck Millipore, Darmstadt, Germany). The membranes were blocked with 5% BSA in TBS containing 0.1% Tween-20 for 1 h at room temperature; primary antibodies were incubated overnight at 4°C and the secondary antibody for 1 h at room temperature. The blots were developed with ECL reagents (TransGen Biotech, Beijing, China). The gray intensities of blots were measured using ImageJ software (Bethesda, MD, USA) and were normalized for GAPDH. Anti-GAPDH (TA-08; 1:1000) and the secondary antibody (anti-mouse-HRP ZB-5305 and antirabbit-HRP ZB-5301; 1:5000) were from ZSGB-Bio. CHOP (2895; 1:1000) and Grp78 (3177; 1:1000) were from Cell Signaling Technology. CIBZ (NBP1-80263; 1:1000) and ERdj4 (NBP2-17246; 1:500) were from Novus Biologicals.
Statistical analysis
The experiment data were performed to statistical analysis with SPSS version 20.0 (IBM, Armonk, NY, USA). We set up the significant level as α = 0.05; when p < 0.05, there is statistical significance. Measurement data were shown as the mean ± SEM. The compared data were applied to perform a one-way analysis of variance. Comparisons among groups were executed with the LSD method, when comparing differences between the groups that were statistically significant.
Results
TUDCA improves motor functional recovery after SCI
To investigate the effect of TUDCA on SCI, a variety of behavioral examinations were performed after SCI. Compared with the sham group, mice in the SCI and SCI/TUDCA groups showed different degrees of bilateral hind limb paralysis. The growth of inclined plane angle began to accelerate in the SCI/TUDCA group after 1 day, but the two groups showed a similar repair tendency (Fig. 1b) . Compared with the sham group, BMS scores declined significantly in the SCI and SCI/ TUDCA groups. The BMS score began to increase on the 1st day post SCI in the SCI and SCI/TUDCA groups (Fig. 1c) . The mice had the highest scores at 100 mg/kg of bw TUDCA, but there were no differences between the scores at the 150-mg/kg dose. Therefore, 100 mg/kg was performed in the next study. There was no significant difference between the scores of SCI/TUDCA groups before 3 days, but the SCI/TUDCA group scores were significantly higher than the SCI group after 3 days. Mice treated with TUDCA recovered better as early as 3 days following SCI, and exhibited the best locomotor recovery on the 9th day. Moreover, there was a similar trend towards change between the BMS score and the subscore (Fig. 1c) .
TUDCA decreases the secondary injury and lesion area after SCI
Drug therapy can relieve compression of the spinal cord, alleviate cell edema and secondary damage, and improve microcirculation in the early stages of injury (Lu et al. 2000) . The center of the lesions expanded with the increase of days after SCI. The size of lesions reached 3.9 ± 0.22 mm 2 on the 7th day, but the expansion was dramatically inhibited in the SCI/TUDCA group, in which the size was 2.3 ± 0.13 mm 2 on the 7th day (Fig. 2a) . Compared with the sham operation group, there were a few hemorrhagic foci and a large number of vacuolar structures, which severely damaged the gray matter, and neuronal loss in the SCI and SCI/TUDCA groups (Fig. 2c) . The number of survival neurons was significantly decreased in both the SCI and SCI/TUDCA groups; in contrast, the SCI group (29 ± 2.10) was more severely affected than that of the SCI/TUDCA (41 ± 2.99) on the 7th day (Fig. 2b) . 
TUDCA reduces apoptosis of lesion spinal cord after SCI
TUDCA acts as an inhibitor of apoptosis in several models of neurodegenerative diseases, and possesses cytoprotective properties on rat cortical neurons treated with glutamate in vitro (Vang et al. 2014) . Almost no TUNEL-positive cells (in red) were found in the sham group, but a large number of positive cells were scattered around the lesion center, and in the gray matter and white matter in the SCI and SCI/TUDCA groups (Fig. 3a) . The average number of TUNEL positive cells was 99.8 ± 6.5 in the SCI group and 72.2 ± 2.8 in the SCI/TUDCA group on the 1st day after SCI; however, it decreased after 3 and 7 days. The cell death ratio of the SCI/ TUDCA group was noticeably less than that of the SCI group (Fig. 3b) .
TUDCA inhibits ER stress by increasing the expression of CIBZ
Recently, several studies have shown that TUDCA can ameliorate ER stress by preventing UPR dysfunction (Xie et al. 2002) . To clarify the role of TUDCA in the inhibition of ER stress-induced apoptosis in SCI, we identified the expression of the gene associated with ER stress. The mRNA and protein expressions of CHOP, Erdj4, and Grp78 were remarkably upregulated in mice that were subjected to SCI (Fig. 4a, b) . A considerable expansion of Grp78 and ERdj4 helps to re-fold the deformed proteins, restore the correct conformation of the protein, and ease the ER stress (Shuda et al. 2003) . The level of Grp78 and ERdj4 decreased in the TUDCA treatment mice, which indicated that ER stress was blocked (Fig. 4a, b) . CHOP is a specific pro-apoptotic factor, which is expressed in various cells in normal circumstances, but the expression is greatly increased in ER stress (Wang et al. 2013) . But deletion of CHOP attenuates UPR and cell death, and enhances functional recovery after SCI (Ohri et al. 2011) . Our results show that the level of CHOP is decreased after the administration of TUDCA (Fig. 4a, b) . In addition, the degree of apoptosis was reduced and motor function was also improved (Figs. 1b, c  and 3 ). Interestingly, we found that mRNA and protein expressions of CIBZ were reduced after the injury, but the expressions were recovery after the injection of TUDCA (Fig. 4a, b) . The protein level of CIBZ is also significantly increased in a certain concentration range, with the increasing concentration of TUDCA (Fig. 5) .
Discussion
In this study, the administration of TUDCA dramatically promoted motor function and strength recovery of the hind limbs, and decreased the secondary injury. The expression of Grp78, Erdj4, and CHOP was blocked, but the levels of CIBZ were elevated. Our previous studies also confirmed that the expression of CIBZ plays an important role in the repair of SCI. Our results reveal that TUDCA effectively attenuates ER stress by up-regulating the expression of CIBZ, which adds to our previously reported results. Quantification of the number of apoptotic cells from SCI and SCI/ TUDCA mice normalized to total area imaged. Mean apoptotic cell counts for each group for 1-7 days. All data are presented as mean ± SEM for each group (n = 5). *p < 0.05 vs. SCI groups
The clinical therapy of SCI generally includes three approaches: limiting the death of living cells, promoting the growth of living cells, and replacing the damaged cells (Schroeder et al. 2016 ). In the early stages of SCI, inhibition of apoptosis can reduce secondary injury and prevent the expansion of lesions (Lu et al. 2000) . Anti-apoptosis drug administration is one of the most indispensable treatments in the early treatment stage. Nimodipine, methylprednisolone, and ganglioside are potent clinical medicines for an antiapoptosis effect on SCI (Cai et al. 2011; Wells et al. 2003) . Additionally, lanthionine ketimine ester and metformin have been recently reported to treat SCI as potential anti-apoptotic drugs in an SCI animal model (Kotaka et al. 2017; Wang et al. 2016; Yin et al. 2012) .
TUDCA is a kind of conjunction-type natural bile acid, commonly used to treat liver disease (Lee et al. 2010) . Several studies have demonstrated that TUDCA is a potent inhibitor of apoptosis; it can regulate the apoptosis pathway to reduce cell death in many diseases. Obesity, stroke, and neurodegenerative diseases associated with apoptosis are potential therapeutic targets for TUDCA (Vang et al. 2014) . TUDCA may have a therapeutic effect on SCI. The behavioral results showed that TUDCAtreated mice had better motor function and strength recovery of the hind limbs. The damaged spinal cord experienced obvious morphological changes of apoptosis, expansion of lesion area, a large number of apoptotic cells, and the appearance of vacuoles in the SCI group. However, these unfavorable pathological changes were significantly reversed in the SCI/TUDCA group. These results suggest that TUDCA blocks secondary damage and ameliorates motor function in a mouse model of SCI. In addition to the direct neuroprotective effect, TUDCA exhibits a direct anti-inflammatory effect on both Yanguas-Casas et al. 2016) . In this study, we also found that TUDCA treatment decreased inflammation after SCI. Further studies are needed to understand whether it has an anti-inflammatory effect in a mouse model of traumatic SCI, and whether it plays an anti-inflammatory role through an ER-stress signaling pathway.
Previous studies have demonstrated two main pathways that induce apoptosis including the mitochondrialdependent pathway (extrinsic pathway) and the death receptor pathway (intrinsic pathway) after SCI (Szegezdi et al. 2006) . Recently, ER stress has been confirmed as a new apoptosis pathway. Although ER stress protects cells in the early stage of the stress response through the activation of the UPR which temporarily inhibits the synthesis of proteins and stabilizes ER homeostasis, persistent ER stress will result in neuronal apoptosis at the injury site. As a result, removing the excessive ER stress response can improve functional recovery after SCI (Ohri et al. 2011 ). Grp78 and CHOP serve as the markers of ER stress, with mutually facilitated structures formed by unique self-regulatory loops. These loops build a construction to ensure the robust and uniform regulation of Grp78, CHOP, and XBP1 genes during an ER stress response (Takayanagi et al. 2013; Wang et al. 2009 ). Our research indicated that the expressions of Grp78 and CHOP in the SCI/TUDCA group decreased significantly compared with the SCI group. ERdj4, an ER-resident chaperone (Kurisu et al. 2003) , also decreased. CHOP null mice exhibited significant attenuation of the UPR, fewer apoptosis cells, and an enhancement of functional recovery after SCI (Ohri et al. 2011) . Overexpression of Grp78 coupled with ERdj4 attenuates the induction of CHOP in ER stress and decreases ER stress-induced apoptosis. Meanwhile, motor function was significantly enhanced; lesion areas and apoptotic ratios were reduced in our study. Our results suggest that ER stress was effectively inhibited by the administration of TUDCA. CIBZ, a BTB domain zinc finger transcriptional factor, regulates ESC proliferation through the regulation of the expression of Nanog (Nishii et al. 2012) . Unexpectedly, as a novel target of SCI (Cai et al. 2017) , CIBZ was regulated by TUDCA in our study. Our previous studies found that CIBZ would be decreased after SCI (Cai et al. 2012) ; in vitro knockdown CIBZ induced ER stress and apoptosis in SH-SY5Y cells (Cai et al. 2017) . The levels of CIBZ were constantly up-regulated with increased concentrations of TUDCA, indicating that TUDCA plays an important role in the expression of CIBZ. In combination with our previous reports, we suggest that TUDCA increases CIBZ expression after SCI, eventually suppressing the ER stress response. The experimental model of TUDCA in SCI is shown in Fig. 6 .
In summary, TUDCA is one of the bile acid drugs, naturally producing bile acid, which has been used to treat numerous health problems for more than 3000 years in China. The protective effects of TUDCA have been studied in animal models of human disease, including stroke, neurodegenerative diseases, diabetes, and cardiovascular disease (Vang et al. 2014) . In this study, our results showed a neuroprotective effect for TUDCA in a mouse model of SCI. TUDCA reduced Fig. 6 Model of the repair role of TUDCA in mouse of SCI. ER stress is activated after SCI, up-regulating the expression of associated genes including CHOP, GRP78, and ERdj4, but blocks the expression of CIBZ. The expression of CIBZ was restored after administrating TUDCA; ER stress and secondary injury were also alleviated. TUDCA might alleviate secondary injury in the spinal cord through up-regulation of CIBZ apoptosis through the inhibition of ER stress-associated apoptosis and restored motor function at the early injury stage. Furthermore, our results suggest that TUDCA may be a potent drug for inhibiting cell death after SCI.
